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Abstract: The soft surrounding rock in tunnels has the characteristics of low strength, easy softening
after soaking, and poor self-stability, which makes the inverted arch structure in soft rock tunnels
prone to uplift deformations. Therefore, a deformation monitoring method for inverted arch uplifts
of soft rock tunnels based on 3D laser scanning technology is studied to improve deformation
monitoring. A Leica Scan Station2 3D laser scanner is used to collect 3D point cloud data of soft
rock tunnel inverts. Using the automatic matching method of public landmarks and the improved
Rodrigues parameter method, the collected 3D point cloud data are spliced and through the Mallat
algorithm, the 3D point cloud data are reconstructed and processed after splicing. The whole least
square method is used to fit the reconstructed 3D point cloud data. Through the principal component
analysis method, the normal vector of the fitting plane is estimated and the best datum plane of the
soft rock tunnel invert is found. By calculating and extracting the geometric parameters of the slice
point cloud, the monitoring of inverted arch uplift deformations in soft rock tunnels is completed.
The experiment shows that this method can effectively collect 3D point cloud data of soft rock tunnel
inverts, and complete point cloud stitching and reconstruction. This method can effectively monitor
the uplift deformation of inverted arches at different grouting depths.

Keywords: 3D laser scanning; soft rock tunnel; inverted arch uplift; deformation monitoring; public
landmarks; least square method

1. Introduction

The support structure of soft rock tunnels can ensure the smooth excavation and
safe operation of the tunnel [1], and an inverted arch structure plays an important role in
improving the bearing capacity and stability of the whole support system. The inverted
arch is connected to the side wall to form a stable annular structure with an upper lining
so as to make full use of the high compressive strength of concrete and improve the
strength and stability of the whole tunnel support system [2]. An inverted arch can also
change the stress state of the rock around the tunnel, changing its stress state from only
horizontal and vertical two-way forces to a multi-directional uniform force, thus avoiding
or reducing the phenomenon of stress concentration in the surrounding rock. This reduces
the plastic deformation of the surrounding rock and improves the strength and stability
of the surrounding rock. At the same time, an inverted arch can effectively support the
side wall and vault support, thus reducing the vertical deformation of the upper support
structure. It can also guide the horizontal stress to the lower surrounding rock, reduce the
load and deformation of the surrounding rock in the horizontal direction, and improve the
stability of the side wall. The stress of inverted arch structures is complex. They not only
bear the stratum pressure brought about by the upper support structure, but also resist
the rebound force of the surrounding rock at the tunnel bottom. During operation, it also

Appl. Sci. 2023, 13, 9492. https://doi.org/10.3390/app13179492 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13179492
https://doi.org/10.3390/app13179492
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app13179492
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13179492?type=check_update&version=1


Appl. Sci. 2023, 13, 9492 2 of 16

bears the vibration load of trains. Therefore, the uplift deformation of inverted arches at the
tunnel bottom will affect the stability of the whole support system of the tunnel, leading
to the deformation and destruction of the entire lining structure. In serious cases, it may
damage the train running track. This affects the driving safety of vehicles. The invert uplift
deformation of soft rock tunnels is a very complex engineering problem which is not only
related to the physical and mechanical properties of the tunnel’s surrounding rock, the
initial stress state, and groundwater development, but is also closely related to the regional
geological structure, tunnel excavation and support methods, inverted arch support timing,
and other factors. Soft rock is prone to large deformation under the condition of high
ground stress due to the low strength of the surrounding rock, easy softening by water,
poor self-stability, and other characteristics. Tunnel inverted arch structures are also prone
to uplift deformations. Therefore, studying the monitoring methods for arch deformation
in soft rock tunnels is of great significance for guiding tunnel engineering, analyzing the
causes of arch deformation, selecting control measures, and implementing preventive
control measures during construction and operation in the future.

An et al. [3] studied the Shuiqing Tunnel of the Bijie to Zhenxiong Expressway in
Guizhou Province and adopted the New Austrian Tunnel Method to ensure tunnel con-
struction safety in water rich strata. However, this method does not take into account the
possible differences in geological conditions in other regions, and its universality is not
high. Li et al. [4] established a hybrid model that combines chaos theory, support vector
machine, and an improved Gray Wolf optimization algorithm for deformation prediction in
the early stages of dam operation. However, the data quality in this method is poor, which
affects the accuracy of the model. Zhao et al. [5] modeled the centroid deformation of arch
dams through measurement data and determined the spatiotemporal distribution charac-
teristics of arch dam deformations. However, this method cannot obtain real-time dam
deformation information and is inefficient. In work by Garcia et al. [6], firstly, a pressure
sensor was used to collect the pressure disturbance data. Then, the flexibility of the sound
wave was estimated by the pressure disturbance flexibility estimation of the wind speed
movement and the compliance event mark was used to detect the tunnel uplift deformation
event caused by the pressure change. This method could effectively monitor tunnel uplift
deformations; however, it could not achieve long distance measurements, and measure-
ments in the existing tunnel must avoid the tunnel operation period, which consumes more
manpower and has a low measurement efficiency. Secondly, the tunnel environment is
narrow, causing problems in the layout of monitoring points. If the distribution of points is
too dense, the workload will be too large and the single measurement cycle will be too long.
If the distribution of points is too sparse, the data accuracy cannot be guaranteed. This will
greatly affect the accuracy of subsequent deformation analyses. Maes et al. [7] discussed the
application of novel deformation monitoring methods in a long-term monitoring project of
tunnels. Through monitoring the inclination of the tunnel’s inverted arch uplift surface,
the spatial geometric relationship is used to convert the inverted arch uplift change at each
monitoring point in the tunnel ring, achieving effective monitoring of tunnel inverted arch
uplift deformations. This method can obtain horizontal displacement and vertical displace-
ment in different time periods. However, the effectiveness, synchronism, and scientificity of
the monitoring results are reduced, the deformation information of the dam cannot be ob-
tained in real time, and there is a shortfall in that there are few measuring points so that the
deformation of an unmonitored area cannot be displayed. Bassols et al. [8], with D-InSAR
data obtained by Sentinel-1A data combined with detailed hydrogeological and pressure
measurement data, analyzed the spatial distribution of tunnel uplift deformations and the
ground hydrodynamic parameter model and estimated the size of the uplift deformation,
realizing feasible tunnel uplift deformation monitoring. However, this method is based on
multi-point monitoring, and less consideration is given to the location of the measuring
points and their relationship with other measuring points. It is difficult to accurately and
completely reflect the three-dimensional deformation of the tunnel inverted arch uplift,
which has certain limitations. Emil et al. [9] used the small baseline subset InSAR time
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series method combined with the ALOS Palsar-1 and Sentinel-1 synthetic aperture radar
data sets to evaluate the tunnel uplift deformation and used spatiotemporal correlation
between the observed deformation and the relevant data sets to identify control factors,
effectively monitoring tunnel inverted arch uplift deformations. However, this method is
easily affected by terrain, weather, and other factors, which leads to certain restrictions of
this method and does not have universality. Gulati et al. [10] used ENVISAT radar data
to obtain the interference stripe of SAR images and monitor tunnel inverted arch uplift
deformations by the two-rail difference interferometry method. This method is faster and
more efficient in monitoring tunnel invert deformations; however, it is easily affected by
terrain, weather, and other factors, which leads to certain restrictions on this method and
does not have universality.

Three-dimensional laser scanning technology can quickly obtain the surface features
of objects [11]. Like the total station, it can approximately simulate the overall features
of objects through the principle of points instead of surfaces. Three-dimensional laser
scanning technology has completely overcome the shortcomings of too few measuring
points and incomplete representative information in the common measurement method.
Three-dimensional laser scanning technology is another technological revolution in the
measurement industry after GPS measurement technology [12]. As a result of its high speed,
automaticity, and rapid acquisition of a large amount of point cloud data, it has become an
important means to obtain detailed data of object surfaces and 3D models and is widely
used in the deformation monitoring field. As a result of the difficulty of accurately and
completely reflecting the three-dimensional deformation of tunnel arch uplifts mentioned
above, deformation monitoring results have certain limitations and data accuracy cannot
be guaranteed, which affects the accuracy of subsequent deformation analyses. A method
for monitoring the uplift deformation of soft rock tunnel arches based on 3D laser scanning
is studied. A Leica Scan Station2 3D laser scanner and the Mallat algorithm are used to
extract the slice point cloud with a fixed distance from the optimal reference plane to the
soft rock tunnel arch point cloud, extract the geometric parameters of the slice point cloud,
and improve the accuracy of monitoring the uplift deformation of soft rock tunnel arches.

2. Deformation Monitoring of Inverted Arch Uplifts of Soft Rock Tunnels
2.1. Three-Dimensional Point Cloud Splicing of Inverted Arches of Soft Rock Tunnels

The single point monitoring method only relies on a small number of monitoring
points, and cannot obtain sufficient deformation information about the inverted arches of
soft rock tunnels. At the same time, in three-dimensional space, because three points can
determine the coordinate transformation relationship, when positioning marker points,
the number of public marker points in the overlapping area is required to be at least
three. According to the pose invariance of the landmark, the relative position between
the landmark and the center of the three-dimensional space composed of the landmark
set remains unchanged; a reference point is obtained based on this. Set the set of public
landmarks of the soft rock tunnel invert as P. The number of P in public landmarks is NP
and the set of reference public landmarks is Q. The number of Q in public landmarks is
NQ.

First, obtain the center of the three-dimensional space P formed by the mark points in
ψP, the coordinates of which are

(
ψPx, ψPy, ψPz

)
. The center of the three-dimensional space

Q is formed by the mark points of ψQ, the coordinates of which are
(
ψQx, ψQy, ψQz

)
.

Then, use k-nearest neighbors to obtain the three closest points in ψP to form a set of
landmarks PA = {PAi|PAi ∈ P , i = 1, 2, 3}, with the other points being PAj. Similarly, ψQ
obtains the set of three points QB =

{
QBj

∣∣QBj ∈ P , j = 1, 2, 3
}

, and the other points are
QBi. Additionally, match the PA and QB symbols according to Formula (1), where δ is the
given threshold and ‖·‖2 is the Euclidean distance. The Euclidean distance relationship
between the marked point and the reference point is as follows:∥∥PAi − PAj

∥∥
2 −

∥∥QBi −QBj
∥∥

2 < δ, i 6= j (1)
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Finally, set PA as the datum point and calculate the point in P which is at the Euclidean
distance from other landmarks. In QB, the mark point is also used as the reference point Q;
the Euclidean distance from other marker points to the reference point is used to match
other marker point pairs by comparing the distances.

If the number of public landmarks is small, it can be matched directly according to
Formula (1). Otherwise, automatic registration of public landmarks can be achieved by the
above methods [13–16].

After the automatic matching of landmarks is completed, the geometric transformation
matrix needs to be solved for point cloud stitching. The corresponding relationship between
the camera and the projector does not change when measuring the three-dimensional
point cloud of the soft rock tunnel invert under different viewpoint conditions; thus, only
translation transformations and rotation transformations are required when splicing the
three-dimensional point cloud of the soft rock tunnel invert, and no scaling transformation
is required. To solve the rotation matrix R and flat matrix T, the improved Rodrigues
parameter method is adopted. If the Rodrigues parameter is assumed, S, then

S =
[
Sx Sy Sz

]
(2)

According to Formula (2), the vector form of the Rodriguez parameter can be ob-
tained [17]. Then, its antisymmetric matrix H can be expressed as:

H =

 0 − Sz Sy
Sz 0 − Sx
−Sy Sx 0

 (3)

According to Formula (3), the antisymmetric matrix H is calculated through the vector
form of the Rodriguez parameter, and then the rotation matrix R is calculated through the
antisymmetric matrix H. The calculation formula of the rotation matrix is as follows [18]:

R =

 1 Sz −Sy
−Sz 1 Sx
Sy −Sx 1

 1 −Sz Sy
Sz 1 − Sx
−Sy Sx 1

 (4)

Set P− ψP = A′, Q− ψq = B′, and A′ = RB′. Then: 0 − A′z − B′z A′y + B′y
A′z + B′z 0 −A′x − B′x
−A′y − B′y A′x + B′x 0

 Sx
Sy
Sz

 =

 A′x − B′x
A′y − B′y
A′z − B′z

 (5)

where A′x, A′y, and A′z are the three-dimensional positions in the set of public landmarks
except the center; B′x, B′y, and B′z refer to the three-dimensional positions other than the
center in the set of reference landmarks.

Substitute, according to Equation (5), S and H into Formula (4) for R. T can be
calculated by Formula (6). The formula is as follows:

T = ψP − RψQ (6)

In the formula, the target point cloud ψQ is transformed into point cloud ψP through
the coordinate transformation matrix to complete the three-dimensional point cloud splic-
ing of soft rock tunnel inverts.

2.2. 3D Point Cloud Reconstruction of Inverted Arches of Soft Rock Tunnels

The 3D point cloud data of soft rock tunnel inverts collected through multi-station
field work [19] need reconstruction to reduce the gross error and improve the plane fitting
accuracy of soft rock tunnel inverts.
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The Mallat algorithm is used to reconstruct the 3D point clouds of inverted arches
of soft rock tunnels after splicing [20]. The Mallat algorithm can quickly decompose the
3D point cloud data of soft rock tunnel inverts with wavelets, remove high-frequency
information, quickly reconstruct middle- and low-frequency information, and complete 3D
point cloud reconstruction of soft rock tunnel inverts.

The Mallat algorithm is a fast wavelet decomposition and reconstruction algorithm.
The two-scale equation formed by a scale function φ(t) and wavelet function v(t) is
given by the multi-scale feature of the wavelet transform, which describes two adjacent
scale spaces Oj′−1 and Oj′ , or adjacent scale space Oj′−1 and wavelet space Wj′ . The basic
functions are φj′−1(t), φj′(t), and vj′(t) and the internal connection in j′ represents the
scale. Specifically, the two-scale equation describes the relationship between the low-pass
and high-pass filters in the wavelet transform. It represents how the original signal is
decomposed and frequency components of different scales are obtained through the low-
pass and high-pass filters. This decomposition process can be realized by the multilayer
wavelet transform, where each layer of decomposition is performed based on two-scale
equations. Additionally, the Mallat algorithm uses the two-scale equations as the basis
for signal decomposition. In this algorithm, the signal can be progressively decomposed
into frequency components at different scales by repeatedly applying the process of two-
scale equations. This allows for a multi-scale analysis and thus a more comprehensive
understanding of the time and frequency domain characteristics of the signal.

According to the characteristics of multi-scale analysis, φ(t) is the wavelet space and
W0 is the scale space for the orthogonal basis of O0. Additionally, because W0 ⊂ O−1 and
O0 ⊂ O−1, then φ(t) and v(t) must belong to O−1. In other words, φ(t), the orthogonal
basis of v(t) and the available space φ−1,n(t) can be linearly expanded:

φ(t) =
t

∑
n=1

h(n)φ−1,n(t) (7)

v(t) =
t

∑
n=1

g(n)Tφ(t) (8)

where n is the total number of scales and h(n) and g(n) are the filter coefficients. For-
mulas (7) and (8) describe the relationship between adjacent two-scale spatial basis func-
tions [21], and these two equations are called two-scale equations.

The two-scale Formula (7) is used to stretch and shift the time:

φ
(

2−j′ t− k
)
=

j′

∑
n=2

h(n)
√

2φ
(

2−j′ + 1t− 2k− n
)

(9)

Here, k is the telescoping and translation time.
Set m = 2k + n, then:

φ′
(

2−j′ t− k
)
=

j′

∑
k=2

h(m− 2k)
√

2φ
(

2−j′ + 1t−m
)

(10)

Oj′−1 = span
{

2
−j′+1

2 φ′
(
2−j′+1t− k

)}
(11)

On the basis of a multi resolution analysis, the 3D point cloud data of any soft rock
tunnel’s ρ(t) ∈ Oj′−1 inverted arch are obtained. The expansion formula of Oj′−1 is:

ρ(t) =
j′

∑
k=2

cj′−12
−j′ + 1

2 v(t)φ
(

2−j′ + 1t− k
)

(12)

Here, cj′−1 is the expansion coefficient.
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Taking the explosion of ρ(t) (i.e., project Oj′ into Wj′ space), there are:

ρ(t) =
j′

∑
k=2

cj′ ,k2
−j′

2 φ
(

2−j′ t− k
)
+

j′

∑
k=2

dj′ ,k2
−j′

2 v
(

2−j′ t− k
)

(13)

Here, dj′ ,k is the scale expansion factor of j′.
The decomposition of 3D point cloud data of soft rock tunnel inverted arch splicing

is achieved by Formula (13), which is used to remove high-frequency information. The
reverse method of wavelet decomposition is used to quickly reconstruct the medium- and
low-frequency information of the number of 3D point clouds of soft rock tunnel inverted
arch splicing. The reconstructed 3D point cloud data are:

ρ′(t) =
j′

∑
k=2

cj′ ,kh(n)2
−j′ + 1

2 φ
(

2−j′ + 1t− 2k− n
)

+
j′

∑
k=2

dj′ ,kg(n)2
−j′ + 1

2 v
(

2−j′ + 1t− 2k− n
)

(14)

By using Formulas (13) and (14), the 3D point cloud data reconstruction of inverted
arch splicing in soft rock tunnels can be completed to reduce gross errors and improve the
plane fitting accuracy of soft rock tunnel inversions.

2.3. Plane Fitting of Inverted Arch of Soft Rock Tunnel

The plane fitting of soft rock tunnel inversions is carried out based on the reconstructed
3D point cloud data of soft rock tunnel invert splicing using the overall least square method,
which provides data support for the subsequent monitoring of soft rock tunnel invert uplift
deformations [22]. The plane fitting equation of the inverted arches of soft rock tunnels is:

âx + b̂y + zĉ = 0 (15)

Here, â, b̂, and ĉ are the ground parameters.
Assume that the plane of an inverted arch of a soft rock tunnel is scanned in three

dimensions with η scan point coordinates, {(xi′ , yi′ , zi′), i′ = 1, 2, · · · , η}. Considering the
3D point cloud data of soft rock tunnel inversions in x, y, z, if there are errors in all three
directions [23], the equation is changed to:

â
(
xi′ + ξxi′

)
+ b̂

(
yi′ + ξyi′

)
+ ĉ

(
zi′ + ξzi′

)
= 0 (16)

where ξxi′ , ξyi′ , and ξzi′ are x, y, and z of the error correction number in three directions.
The ground parameters â, b̂, ĉ can be considered as the result of the orthogonal overall

least square plane fitting of the tunnel inverted arch uplift surface. Now, assuming that
the datum plane passes through the origin of the three-dimensional coordinate system, the
datum plane formula can be obtained as follows:

.
â
(
xi′ + ξxi′

)
+

.
b̂
(
yi′ + ξyi′

)
+

.
ĉ
(
zi′ + ξzi′

)
= 0 (17)

Here,
.
â,

.
b̂,

.
ĉ are the datum parameters.

It is known that the uplift surface of tunnel inversions is perpendicular to the datum
plane, so it can be obtained by combining Formulas (16) and (17) that:

â
.
â + b̂

.
b̂ + ĉ

.
ĉ = 0 (18)

Therefore,
.
â = − b̂

â

.
b̂− ĉ

â

.
ĉ (19)

Formula (19) is the basic relationship of the datum plane parameters.
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2.4. Inverse Calculation of the Deformed Structure Point Cloud Distance

The normal vector of any point in 3D point cloud data after reconstruction of the
inverted arch of a soft rock tunnel is

(
x′′i′ , y′′i′ , z′′i′

)
. Then, from the above optimal condition,

i.e., Equation (16), parallel to the normal vector of the point, we can obtain:

.
â
(

x′′i′ + ξx′′
i′

)
+

.
b̂
(

y′′i′ + ξy′′
i′

)
+

.
ĉ
(

z′′i′ + ξz′′
i′

)
= 0 (20)

Combining Formulas (19) and (20) obtains:

.
â =

ĉ

(
y′′

i′ + ξ
y
′′
i′

)
− b̂

(
z′′

i′ + ξ
z
′′
i′

)

b̂

(
x′′

i′ + ξ
x
′′
i′

)
− â

(
y′′

i′ + ξ
y
′′
i′

) .
ĉ

.
b̂ =

ĉ

(
x′′

i′ + ξ
x
′′
i′

)
− â

(
z′′

i′ + ξ
z
′′
i′

)

â

(
y′′

i′ + ξ
y
′′
i′

)
− b̂

(
x′′

i′ + ξ
x
′′
i′

) .
ĉ

(21)

Then, according to Formulas (16) and (21), the datum plane formula can be determined
as follows:

ĉ
(

y′′i′ + ξy′′
i′

)
− b̂
(

z′′i′ + ξz′′
i′

)
b̂
(

x′′i′ + ξx′′
i′

)
− â
(

y′′i′ + ξy′′
i′

) x′′ +
ĉ
(

x′′i′ + ξx′′
i′

)
− â
(

z′′i′ + ξz′′
i′

)
â
(

y′′i′ + ξy′′
i′

)
− b̂
(

x′′i′ + ξx′′
i′

)y′′ + z′′ = 0 (22)

Here, (x′′ , y′′ , z′′ ) are the best point cloud normal vectors.
To calculate the average value of the sum of the cosine values of the angle between the

normal vector of the inverted arch point cloud and the corresponding datum plane of all
soft rock tunnels, ave cos εi′ , the formula is as follows:

ave cos εi′ =

η

∑
i′=1

.
â|cos εi′ |

ηρ′(t)
(23)

where εi′ is the included angle between the point cloud normal vector and the correspond-
ing datum plane.

According to Formula (23), the best datum plane can be found by this formula; for all
point cloud normal vectors, the lowest value of ave cos εi′ corresponds to the best datum
plane. By analogy, after setting a fixed distance from the point cloud to the optimal datum
plane, the overall point cloud of the inverted arch of a soft rock tunnel can be cut into
multiple slices of point clouds using the optimal datum plane. Similarly, the distance
from the optimal datum plane to the point cloud of the deformation structure is inversely
deduced and set as a fixed value.

2.5. Real-Time or Regular Deformation Data Solution

According to the three-dimensional coordinates of all points in the inverted arch slice
point cloud of soft rock tunnels, a simple mathematical calculation is carried out, and the
abscissa, ordinate, and vertical coordinates are averaged to obtain the center of gravity of
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the point cloud slice. By extending the idea of the point to line distance formula to calculate
the distance from the point to the plane, we can obtain:

Di′ =

∣∣∣∣ .
âxi′ +

.
b̂yi′ +

.
ĉzi′

∣∣∣∣√(
.
â +

.
b̂ +

.
ĉ
)2

(24)

The distance can be obtained by using Formula (24), that is, the distance between
the point at any end of the point cloud and the datum plane. At this time, the distance
between the first slice point cloud to be intercepted and the datum plane is set, and then
the 3D coordinate data of the initial slice point cloud can be obtained and are recorded as(

x1
i′ , y1

i′ , z1
i′
)
. The barycentric coordinates of the initial slice point cloud can be expressed as:

x =

v
∑

i′=1
x1

i′

vDi′

y =

v
∑

i′=1
y1

i′

vDi′

z =

v
∑

i′=1
z1

i′

vDi′

(25)

where v is the total number of points included in the point cloud of the inverted arch slice
of the initial soft rock tunnel.

The 3D coordinate data and barycentric coordinate calculation method of the initial
point cloud slice are extended to the µ point cloud of an inverted arch slice of soft rock
tunnel µ. The 3D coordinate data of point cloud slices can be marked as

(
xµ

i′ , yµ
i′ , zµ

i′

)
. The

barycentric coordinates are
(

xµ, yµ, zµ

)
. The calculation of the distance between the center

of gravity and the uplifted ground of the inverted arch in the soft rock tunnel, that is, the
distance between the bottom and the ground, will become a simple mathematical problem.
According to the point to plane and the distance calculation formula, the shape, curvature,
deformation and other parameters of the inverted arch will be solved one by one.

In the ground fitting formula for reverse arch uplift in soft rock tunnels, the ground
plane parameters are calibrated, and can replace the ground shape of the reverse arch in
soft rock tunnels. By applying these parameters to the calculation process, real-time or
regular deformation data of reverse arches in soft rock tunnels can be obtained, and the
internal structure and deformation situation of soft rock tunnels can be more intuitively
understood. By using ground plane parameters, the shape of reverse arches in soft rock
tunnels can be inferred. Parameters such as the curvature and deformation are used for
deformation monitoring.

3. Example Test and Result Analysis
3.1. Test Environment Analysis

The soft rock tunnel of the expressway from Yunxian to Lincang in Yunnan Province
was the research object; the total length of the soft rock tunnel is about 10.2 km. The tunnel
is designed as a left- and right-separated, two-hole, one-way, two-lane tunnel. The starting
and ending distance of the left side of the tunnel is ZK12 + 600~ZK22 + 835, with a total
length of 10,235 m. The starting and ending distance of the right side of the tunnel is
YK12 + 620~YK22 + 830, with a total length of 10,210 m. The tunnel area elevation is
1197.6~2525.3 m, the design elevation of the tunnel bottom is 1212.38~1394.67 m, and the
elevation difference between the entrance and exit of the tunnel is about 1322 m. The tunnel
is situated in a high and middle mountain weathering and denudation landform area.
The tunnel body in the tunnel area is precipitous and steep, and the surface vegetation is
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prosperous and dense, dominated by shrubbery, a walnut forest, and a spruce forest. The
tunnel lining structure is shown in Figure 1.
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According to the results of geological surveys and drilling, the stratum lithology of the
tunnel cross-section includes Quaternary diluvium, Quaternary debris flow accumulation,
Quaternary alluvium and diluvium, Lower Proterozoic Lancang Group schist, Jurassic
stratum Huakaizuo Formation lower glutenite, and Yanshanian volcanic rock biotite gran-
ite [24]. In the inverted arch failure K13 + 060~K13 + 100 section, the rock mass is highly
weathered; the lithology is mainly strongly weathered granite and partially granitic schist,
with well-developed fissures; and the rock mass has a relatively broken blocky structure.
The rock mass of the K13 + 100~K13 + 170 section is highly weathered. The lithology is
moderately weathered granitic schist. The rock mass is relatively broken and has a massive
structure, overlying the Quaternary slope eluvial brown-yellow gravel and underlying the
Yanshanian granite. The lithology within the mud and water inrush (mileage K13 + 612)
section is mainly intensely weathered granitic schist and local granite. The rock mass is
broken in a fragmented block structure. The fissure water is relatively developed with a
strong water yield and poor stability of the surrounding rock. It is overlaid with Quaternary
slope eluvial brown-yellow gravel and underlaid by Yanshanian granite.

This area has abundant rainfall, developed surface water bodies, and high ground-
water levels. The hydraulic connection between the surface water and the groundwater
is closely complementary. In the fracture zone development area, the net reserves and
regulation reserves of groundwater are relatively rich, and tunnel geological disasters such
as collapses, mud inrush, water inrush, and geothermal disasters are prone to occur. The
tunnel section is rich in groundwater resources, which can be divided into pore water
and fissure water according to the characteristics of water-bearing media. Influenced and
controlled by regional faults, the following water diversion structure has developed:

(1) Pore water

Pore water is mainly distributed in the form of pore phreatic water in the Quaternary
loose accumulation layer. The water volume is small, its location is high, and the water
level is altered by seasonal precipitation. It is recharged by infiltration of atmospheric
precipitation and discharged to low-lying areas or the surface in the form of springs. Due
to the large seepage area of bedrock fissure water, the pore water supply is mainly rainfall.

(2) Fissure water

The bedrock fissure water in this tunnel section is mainly in the joint fissures, structural
fissures, weathering fissures and diagenetic fissures of granitic schists and granites, all of
which are tensile fissures that cross each other. They have a good uniformity and openness,
forming a network of runoff complementary systems, water storage systems and drainage
systems and receiving infiltration recharge from atmospheric precipitation. It has abundant
static reserves and regulated reserves, from high to low runoff and discharge.
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(3) Water conducting structure

The main recharge sources of groundwater in the tunnel area are atmospheric precip-
itation, surface springs and gully flows. The terrain in the section is high in the middle
and low at both ends. The tunnel is located at the highest peak, which is the first level
watershed. The tunnel area is affected by multi-stage structures, secondary fault structures
have developed and the irregular frequent intrusion of granite and the contact of multiple
strata and lithology constitute different types of water-conducting structures in the tunnel
area. The connectivity between surface water, groundwater and groundwater units is good,
and groundwater mainly exists near the fault structure zone, the rock erosion zone and the
lithologic contact zone. The fracture water in the K13 + 060~K13 + 100 section is relatively
developed, with a weak water yield property, and the fracture water in the mud inrush
section (K13 + 612) is relatively developed, with a strong water yield property.

3.2. Example Testing Process

The length of the inverted arch of the tunnel is K13 + 060~K13 + 170. During the
monitoring period, the inverted arch cracks changed significantly. There were eight cracks
in the mileage section. The cracks mainly extended from small distances to large distances
along the lining centerline, and the rest of the cracks extended along the lining centerline
to the ditches on both sides. The mileage filling layer of this section had obvious uplift,
and some of the cracks had obvious dislocation. The sizes of the cracks were different. The
maximum crack size was 20 cm, and its length was about 110 m. The method described
in this paper was used to monitor the uplift deformation of the tunnel inversion in the
K13 + 060~K13 + 170 section.

The example test process was as follows:
Equipment use: Use the Leica Scan Station2 3D laser scanner to collect 3D point

cloud data of the soft rock tunnel invert, set the laser safety level to 3R, and use the dual
scanning window to generate 360◦ at most × with a 270◦ scanning field angle. The scanner
is equipped with a CCD digital camera and supporting software Cyclone 2023.0.2 x64 to
set the camera exposure at random under the pulse ranging method.

Point cloud slicing: Select eight public marker points in the inverted arch of the
soft rock tunnel in the K13 + 060~K13 + 170 section from the top, bottom, left, and right
angles, and use the automatic matching method of public marker points and the improved
Rodrigues parameter method to splice the collected 3D point cloud data of the soft rock
tunnel inverted arch. Through the Mallat algorithm, reconstruct and process the 3D point
cloud data after splicing. According to the reconstructed 3D point cloud data, carry out
plane fitting using the overall least square method. Through the principal component
analysis method, estimate the normal vector of the fitting plane to find the best datum
plane of the soft rock tunnel inverted arch. Extract the slice point cloud by taking the
distance from the best datum plane to the soft rock tunnel inverted arch point cloud as a
fixed value.

Point cloud data collection: Collect the point cloud data from the top, bottom, left,
and right angles, extract the geometric parameters of the slicing point cloud, and regularly
obtain the displacement, deformation, stress, and other data of the soft rock tunnel invert
every 30 min. The acquisition results are shown in Figure 2.

According to Figure 2a–d, this method can effectively collect point cloud data from
four angles in the inverted arch of soft rock tunnel (up, down, left and right) to provide
data support for subsequent deformation monitoring of the inverted arch of the soft rock
tunnel.
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3.3. Test Results and Analysis

The method described in this paper was used to obtain the three-dimensional coordi-
nate values of the public marker points from four perspectives, as shown in Table 1.

Table 1. Three-dimensional coordinate values of public sign points.

Angle of View Flag Point
Number X Coordinate/m Y Coordinate/m Z Coordinate/m

Upper
perspective

A1 0.59 −3.69 4.56
A2 1.74 −4.46 4.05
A3 2.62 −5.95 3.16
A4 4.37 −6.79 2.18
A5 6.99 −8.12 4.77
A6 9.93 −9.22 3.98
A7 10.58 −9.65 3.57
A8 12.99 −15.55 4.18

Left perspective

B1 −4.59 −5.72 2.34
B2 −1.23 −6.99 2.89
B3 −5.99 −5.11 1.29
B4 −3.59 −1.28 0.89
B5 −3.87 −2.38 1.49
B6 −2.94 −1.49 3.36
B7 −6.05 −4.38 4.09
B8 −4.95 −3.54 3.97
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Table 1. Cont.

Angle of View Flag Point
Number X Coordinate/m Y Coordinate/m Z Coordinate/m

Right
perspective

C1 4.63 5.61 2.45
C2 1.34 6.88 2.76
C3 5.88 5.01 1.38
C4 3.46 1.17 0.75
C5 3.75 2.46 1.53
C6 2.83 1.52 3.47
C7 6.04 4.42 4.15
C8 4.82 3.43 3.82

Lower
perspective

D1 0.93 −3.54 0.85
D2 2.08 −4.31 0.12
D3 2.96 −5.84 0.36
D4 4.71 −6.64 0.04
D5 7.33 −7.97 0.13
D6 10.27 −9.07 0.26
D7 10.92 −9.58 0.92
D8 13.33 −15.4 0.47

According to Table 1, the method used in this paper can effectively obtain the three-
dimensional coordinate values of each public landmark point from four perspectives.
According to the three-dimensional coordinate values of each public landmark point, the
public landmark points are automatically matched to obtain public landmark point pairs,
and the point cloud is spliced according to the public landmark point pairs to obtain the
point cloud data of the soft rock tunnel’s inverted arch after splicing. The point cloud
splicing results are shown in Figure 3.
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Figure 3. Point cloud splicing results.

According to Figure 3, the method used in this paper can effectively splice point clouds
based on public marker points to obtain complete soft rock tunnel inverted arch point
cloud data. However, the articulated soft rock tunnel inverted arch point cloud data have
poor clarity and contain noise. Therefore, we continued to use the method in this paper to
reconstruct the splice point cloud data. The result of splice point cloud reconstruction is
shown in Figure 4.

According to Figure 4, the method used in this paper can effectively remove noise
and better retain terrain feature information, so that the filtered point cloud data can more
accurately express terrain information. This experiment proves that the method in this
paper is able to reconstruct point cloud data and effectively obtain the inverted arch point
cloud data of soft rock tunnels with better clarity, which is conducive to improving the
monitoring accuracy of inverted arch uplift deformations of soft rock tunnels in the future.
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The method in this paper was used to monitor tunnel invert uplift deformations in the
K13 + 060~K13 + 170 section. The monitoring results of the tunnel invert uplift deformation
are shown in Figure 5.
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According to Figure 5, this method can effectively monitor the uplift deformation
of the inverted arch of the soft rock tunnel. According to the deformation monitoring
results, the middle uplift deformation of the inverted arch of the soft rock tunnel is the
largest and the maximum uplift deformation is about 0.45 m in the K13 + 60~K13 + 170
section. The uplift deformation on the left side of the inverted arch is the smallest and
the maximum uplift deformation is about 0.04 m in the K13 + 70~K13 + 160 section. The
uplift deformation of the right side of the inverted arch is also small and the maximum
uplift deformation is about 0.07 m in the K13 + 80~K13 + 160 section. By comparing the
deformation of the left, middle and right inverts of the tunnel, it can be seen that the overall
deformation of the invert is large in the middle, followed by the deformation of the right
side, and the deformation of the left side is the smallest, which indicates that the invert area
on the left side of the tunnel is the least affected. Thus, this deformation may be caused by
some asymmetric geological structure. Experiments show that this method can effectively
monitor the uplift deformation of inverted arches in soft rock tunnels.
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The method in this paper was used to monitor the uplift deformation of the inverted
arch of the soft rock tunnel in the K13 + 060~K13 + 170 section at different grouting depths.
The uplift deformation monitoring results are shown in Figure 6.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 17 
 

some asymmetric geological structure. Experiments show that this method can effectively 
monitor the uplift deformation of inverted arches in soft rock tunnels. 

The method in this paper was used to monitor the uplift deformation of the inverted 
arch of the soft rock tunnel in the K13 + 060~K13 + 170 section at different grouting depths. 
The uplift deformation monitoring results are shown in Figure 6. 

 
Figure 6. Deformation monitoring results of uplift at different grouting depths. 

According to Figure 6, the method in this paper can still effectively monitor the uplift 
deformation of the inverted arch in soft rock tunnels at different grouting depths. The 
monitoring results show that the uplift deformation of the inverted arch is basically the 
same at different grouting depths, and there is only a slight change at the section with the 
largest deformation, indicating that the effect of grouting reinforcement at the arch bottom 
is not significant. If the grouting depth is not sufficient, the grouting effect is not good. As 
a result, the strength and bearing capacity of the rock mass after grouting cannot be sig-
nificantly improved, stress release after excavation cannot be effectively suppressed, the 
strengthened surrounding rock will still produce plastic deformation, and the suppres-
sion of the floor invert uplift will not be greatly improved. 

In order to verify the effectiveness and correctness of the application of the method 
in this article, a comparison was made between the method in reference [6] (Garcia, R.F., 
et al.) and the method in reference [7] (Maes, K.et al., 2022). Based on the monitoring en-
vironment shown in Figure 5, the method and comparison method proposed in this article 
were used to monitor the uplift deformation of the soft rock tunnel invert at a grouting 
depth of 5 m in the K13 + 060~K13 + 170 section, and the monitoring results of the uplift 
deformation were compared. The comparison results are shown in Figure 7. 

0.1

0.2

0.3

70 80 90 100 110 120

0.4

0.5

0.6

0.7

0.8

Mileage/m

0.9

1.0

A
cc

um
ul

at
ed

 u
pl

ift
 d

ef
or

m
at

io
n/

m

0 130 140 150 160 17060

Proposed method
Garcia, R.F., et al., 

2021Method
Maes, K., et al., 
2022 Method

 
Figure 7. Monitoring results of uplift deformation using different methods at a grouting depth of 5 
m [6,7]. 

Figure 6. Deformation monitoring results of uplift at different grouting depths.

According to Figure 6, the method in this paper can still effectively monitor the uplift
deformation of the inverted arch in soft rock tunnels at different grouting depths. The
monitoring results show that the uplift deformation of the inverted arch is basically the
same at different grouting depths, and there is only a slight change at the section with the
largest deformation, indicating that the effect of grouting reinforcement at the arch bottom
is not significant. If the grouting depth is not sufficient, the grouting effect is not good.
As a result, the strength and bearing capacity of the rock mass after grouting cannot be
significantly improved, stress release after excavation cannot be effectively suppressed, the
strengthened surrounding rock will still produce plastic deformation, and the suppression
of the floor invert uplift will not be greatly improved.

In order to verify the effectiveness and correctness of the application of the method in
this article, a comparison was made between the method in reference [6] (Garcia, R.F., et al.)
and the method in reference [7] (Maes, K.et al., 2022). Based on the monitoring environment
shown in Figure 5, the method and comparison method proposed in this article were used
to monitor the uplift deformation of the soft rock tunnel invert at a grouting depth of 5 m
in the K13 + 060~K13 + 170 section, and the monitoring results of the uplift deformation
were compared. The comparison results are shown in Figure 7.
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According to Figure 7, the monitoring results of inverted arch uplift deformation
obtained by different comparison methods at a grouting depth of 5 m are significantly
different from those obtained by this method; these methods cannot effectively monitor the
effect of arch bottom grouting reinforcements. From this, it can be seen that the method
proposed in this article has good applicability to the monitoring of inverted arch uplift
deformations.

4. Conclusions

An inverted arch structure can improve the bearing capacity and stability of the entire
tunnel support system and plays an important role in ensuring the smooth excavation and
safe operation of the tunnel. To this end, a deformation monitoring method for reverse
arch lifting in soft rock tunnels based on 3D laser scanning was studied. Complete reverse
arch point cloud data for soft rock tunnels based on a public marker concatenated point
cloud were obtained. At the same time, the reconstruction of the concatenated point cloud
data effectively obtained high-definition soft rock roadway reverse arch point cloud data.
The central uplift deformation of the soft rock roadway reverse arch was the largest, with a
maximum uplift deformation of about 0.45 cm. The lifting deformation cross-section of the
inverted arch is K13 + 60~K13 + 170. The method is feasible and effective, has an improved
monitoring accuracy, and can accurately monitor the deformation structure and provide a
reference and solutions for the lifting deformation problem of soft rock tunnels in practical
engineering.

Although 3D laser scanning technology itself has obvious advantages in the monitor-
ing of tunnel inverted arch uplift deformations, its disadvantages cannot be ignored; the
huge amount of acquired data leads to difficulties in subsequent analyses and processing
and requires complex algorithms for scanning objects with a complex terrain and different
surface shapes. Therefore, in the future research, the idea and algorithm of plane fitting
will be improved to further improve the degree of popularization.
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